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Mouse hepatitis virus (MHV) defective interfering (Di) RNA was used to determine the cis-acting sequences required 
for MHV RNA replication. A 2.2-kb-long cDNA clone of the MHV DI RNA DissE was used to test the effect of deletions 
throughout the DI RNA on replication in DI RNA-transfected, MHV-infected cells. Data from a series of deletion 
mutants demonstrated that about 470 nucleotides at the 5’ terminus, 460 nucleotides at the 3’ terminus, and about 135 
nucleotides in an internat position approximately 0.9 kb from the 5’ end of Di RNA were necessary for DI RNA replica- 
tion. These data suggested that cis-acting sequences which were necessary for MHV RNA replication required not only 


terminal sequences but also an internal sequence present at about 3.2 kb from the 5' end of the genome. 
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INTRODUCTION 


An infectious virus genome contains cis-acting repli- 
cation elements recognizable by virus-specific proteins 
and probably by host cell factors. This recognition of 
RNA by protein is essential for RNA virus genome repii- 
cation. One way to identify the cis-acting replication 
signals on an RNA virus genomic sequence is to ana- 
lyze its defective interfering (DI) RNA. DI RNA replica- 
tion occurs, in general, only in the presence of helper 
virus. Therefore, DI RNA must contain sequences re- 
quired for replication, Using cloned Sindbis virus Dl 
cDNAs, Levis et a/. have successfully identified the se- 
quences essential for replication and packaging of that 
virus (1986). The cis-acting RNA replication signals of 
several plant viruses belonging to the alphavirus su- 
perfamily (Ahlquist er af, 1985) have been identified by 
deletion analysis of the smallest segmented genomic 
RNA, which is not necessary far viral RNA replication 
(French and Ahlquist, 1987; Gilmer et a/., 1992; Jupin 
et al., 1990; Pacha et a/., 1990). Another approach 
identifying cis-acting RNA replication signals on the 
negative-stranded RNA virus genome of influenza virus 
has been developed (Luytjes et a/., 1989). However, 
identification of the cis-acting RNA replication signals 
of many other RNA viruses, including coronavirus, has 
not been reported. 

Mouse hepatitis virus (MHV), a coronavirus, is an 
enveloped virus containing a single-stranded, positive- 
sense RNA genome of approximately 31 kb (Lai and 
StohIman, 1978; Lee et a/., 1991; Pachuk et a/., 1989). 
in MHV-infected cells, seven or eight species of virus- 
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specific mRNAs with a 3’-coterminal nested-set struc- 
ture (Lai et a/,, 1981; Leibowitz et a/., 1981} are synthe- 
sized; these are numbered 1 to 7, in decreasing order 
of size (Lai et a/., 1981; Leibowitz et a/., 1981}. None of 
the mRNAs are packaged into MHV virions, except for 
mRNA 1, which is efficiently packaged due to the pres- 
ence of a packaging signal (Fosmire et a/., 1992). The 
5’ end of MHV genomic RNA contains a 72- to 77-nu- 
cleotide-tong leader sequence (Lai ef a/., 1983, 1984; 
Spaan et a/., 1983). This is the only copy of the leader 
sequence in the genome. However, this sequence is 
found at the 5’ end of each MHV message; in each 
mRNA, the leader Sequence becomes fused with the 
mRNA body sequence at its 5’ intergenic-consensus 
sequence (Joo and Makino, 1992; Lai et a/., 1983, 
1984; Makino et a/., 1988b; Spaan et a/., 1983). The 
activity which synthesizes all MHV-specific RNA spe- 
cies is detected continuously at least during the first 6 
hr of infection Jeong and Makino, 1992). 

When the JHM strain of MHV (MHV-JHM) is serially 
passaged in tissue culture at a high multiplicity of in- 
fection, a variety of different sized DI RNAs are de- 
tected (Makino et a/., 1984a, 1985). The complete se- 
quences of two MHV-JHM-derived DI RNAs, DissE and 
DissF, are known (Makino ef a/., 1988a, 1990). The 
2.2-kb-long DIssE, which is the smallest DI RNA de- 
tected so far, consists of three noncontiguous geno- 
mic regions. The first region (domain t) represents 0.86 
kb from the 5’ end of the genomic RNA. The second 
region (domain II), 0.75 kb, corresponds to the region 
3.1 to 3.9 kb from the 5’ end of genomic RNA. The third 
domain (domain III) represents 0.6 kb from the 3’ end of 
the parental MHV-JHM genome. The 3.4-kb-long 
DissF RNA, which is packaged efficiently into the MHV 
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virion due to the presence of a packaging signal (Fos- 
mire et a/., 1992; Makino et a/., 1990), consists of five 
noncontiguous genomic regions (Makino et a/., 1990). 
interestingly, domains | and Il of DlssE are present in 
DissF, and the junction between these two domains is 
identical in both Dis (Makino et a/., 1990). The 3’-most 
domain of DissF, domain V, represents 447 nucleo- 
tides from the 3’ end of the MHV-JHM genome and is 
shorter by 155 nucleotides at the 5’ end than the corre- 
sponding region of DissE (Makino et a/., 1990). Two 
other DissF regions not found in DIssE are derived 
from gene 1 (Makino et a/, 1990). Sequence analysis 
of a 5.5-kib MHV-A59-derived DI RNA, Dl-a, revealed 
the presence of three noncontiguous regions from the 
MHV-A59 genome: the 5’-terminal 3.9 kb, a 0.8-kb 
fragment from the 3’ end of the gene 1, and the 3’-termi- 
nal 805 nucleotides (van der Most et a/., 1991). There- 
fore, all the MHV Di RNAs so far sequenced contain 
the sequences found in DissE domains | and Il and 
domain V of DissF. RNase T1 oligonucleotide finger- 
print analysis of MHV-JHM-derived DI RNAs revealed 
that all the oligonucleotides present in DIssE are pres- 
ent in all other DI RNAs (Makino et a/., 1985). This 
conservation of sequence indicates that, quite possi- 
bly, all MHV DI RNAs share most of the sequence of 
DIssE and that these sequences are essential for MHV 
replication in general. It is not known how much of the 
DIssE sequence is necessary for MHV DI RNA replica- 
tion. 

A system was established in which complete cDNA 
clones of both DIssE and DissF RNAs were placed 
downstream of the T7 RNA polymerase promoter to 
generate DI RNAs capable of extremely efficient repli- 
cation in the presence of a helper virus (Makino and 
Lai, 1989). This system using cloned MHV DI cDNA 
has been shown to be useful for analysis of corona- 
virus RNA replication (Kim et a/., 1993; Makino and Lai, 
1989), RNA transcription (leong and Makino, 1992; Joo 
and Makino, 1992, Makino and Joo, 1993, Makino et 
af., 1991), RNA recombination (de Groot et a/., 1992; 
Kim et a/., 1993; van der Most et a/., 1992) and RNA 
packaging (Fosmire et a/., 1992; Makino et a/., 1990; 
van der Most et a/., 1991). In the present study, it is 
used to identify MHV cis-acting replication signals. A 
series of DissE-derived deletion mutants were con- 
structed and their replication was examined in the pres- 
ence of helper virus. The data demonstrated that not 
only the terminal sequences of the DI! RNA but also 
0.13 kb from the domain I! 5’ end were necessary for 
efficient MHV DI RNA replication. 


MATERIALS AND METHODS 
Viruses and cells 


The plaque-cloned MHV-AS59 (Lai et a/., 1981) was 
used as a helper virus. Mouse DBT cells (Hirano et a/., 
1974) were used for growth of viruses. 


DNA construction 


The names of all oligonucleotides and the locations 
of their DI RNA binding sites are shown in Fig. 1. 

Deletion of internal sequences. An EcoRV site was 
put into a DIssE cDNA by a procedure using recombi- 
nant polymerase chain reaction (PCR) (Higuchi, 1990). 
DissE-specific cDNA clone DE5-w4 (Makino and Lai, 
1989) was incubated with two oligonucleotides, 
oligonucleotide 1453 (5-CAAACTAGTTAAGAGCG-3}, 
which hybridizes to nucleotides 1489 to 1505 from the 
5 end of DE5-w4, and oligonucleotide 2063 (5'-CTT- 
TCTGATATCGATCGTITGTCC-3), which contains an 
EcoRV site and hybridizes to nucleotides 1737 to 1760 
from the 5’ end of DE5-w4, at 93° for 30 sec, 37° for 40 
sec, and 72° for 100 sec in PCR buffer (0.05 M KCl, 
0.01 M Tris-hydrochloride [pH 8.0], 0.0025 M MgCl, 
0.01% gelatin, 0.17 mM each deoxynucleoside tri- 
phosphate, and 5 U of Taq polymerase [Promega]} for 
25 cycles. The same PCR condition was used for all 
DNA constructions. The PCR product was obtained by 
incubating DE5-w4 with oligonucleotide 130 (5'-TTC- 
CAATTGGCCATGATCAA-3) (Makino et a/, 1991), 
which hybridizes to nucleotides 2182-2202 from the 5’ 
end of DE5-w4, and with oligonucleotide 963 (5’-CAA- 
ACGATCGATATCAGAAAGATGAAGTAGA-3}, which 
contains an EcoRV site and hybridizes at 1736 to 1759 
nucleotides from the 5’ end of DE5-w4. Two PCR prod- 
ucts of the expected size were mixed and the second 
round of PCR was performed using oligonucleotide 
1453 and oligonucleotide 130 as the primers. The 
0.71-kb Spel-Mscl PCR product was cloned into the 
Spe|—Msc! large fragment of MC 136-1 (Makino et a/., 
1991), yielding MRC. 

Aseries of mutants deleted internally upstream from 
the MRC EcoRV site were constructed. Mutants MR1, 
MR2, MR3, MR4, and MR6 were missing the 1.27-kb- 
long Stul-EcoRV fragment, the 1.05-kb Eagl-EcoRV 
fragment, the 0.66-kb Sphl-EcoRV fragment, the 0.26- 
kb Spel-EcoRV fragment, and the 0.13-kb Scal-EcoRV 
fragment, respectively. Mutant MR5 was constructed 
by inserting the 0.32-kb MRC SnaBl-Fspl fragment into 
the 2.88-kb MRC SnaBl-EcoRV fragment. 

MR9 was constructed by self-ligating the 4.21-kb 
Eagl-Sphi MRC fragment. MR9B was made from MRC 
by incubating it with oligonucleotide 1567 (5’-CCTCTG- 
CTGCGCAAGAA-3) which hybridizes the MRC 5’ end 
at nucleotides 333 to 348, and with oligonucleotide 
1940 (5-ATACAACATCTGTTGCATTAAAGTCATACA- 
CA-3}, which hybridizes to nucleotides 850 to 881 also 
from the §’ end. The PCR products were blunt-ended, 
phosphorylated, and digested with Fag! and the 0.18- 
kb product was isolated and inserted into the large 
Sphl-Eagl MRC fragment. MRSC was made similarly 
using oligonucleotide 2167 (5-TATGACTCGGCCGCA- 
ACAGATGTTGT-3}, which contains an Eagl site and 
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hybridizes to nucleotides 853 to 879, and oligonucleo- 
tide 1942 (5'-GTAGAGTACTATCAAATCTCTTTAGAC- 
AACGCCAGTT-3} which hybridizes to nucleotides 
1599 to 1630 for the PCR and, from this PCR reaction, 
the 0.79-kb Eagl—Spel fragment was isolated for inser- 
tion into the large MRC Eagl—Spel fragment. MRSD 
was made by inserting the 0.49-kb Fsol-Spel MRC 
fragment into the large Eagl-Seel MRC fragment. 
MRE was constructed by inserting the 0.30-kb Eagl~ 
Fsp| MRC fragment into the large Eagl—Sphl MRC frag- 
ment. MR8 was constructed by self-ligation of the 
4.38-kb MRC Stul-Eag! fragment. Two PCR products 
were obtained by incubating MRC with oligonucleotide 
96 (5'-CACTTCCTGCGTGTCCAT-3), which hybridizes 
to 85 to 102 from the 5’ end of MRC, and oligonucleo- 
tide 1128 (5’-TCACGGATTATGGCGGA-3} which hy- 
bridizes at 429 to 445 from the 5’ end of MRC, and by 
incubating MRC with oligonucleotide 96 and oligonu- 
cleotide 167 (6’-CTTCTGGGGATCCTCGTC-3}, which 
hybridizes at 457 to 474: both PCR products were 
blunt ended, phosphorylated and digested with Nol. 
The 0.19-kb PCR product obtained using oligonucleo- 
tides 96 and 1128 was inserted into the Eagl—Ncol 
MRC large fragment, yielding MR10B. The 0.21-kb 
PCR fragment obtained using oligonucleotides 96 and 
167 was inserted into the Eagl-Ncol MRC large frag- 
ment, yielding MR10C. For the MR7, the 0.32-kb MRC 
SnaBl-Fsp!\ fragment was inserted into the MRC 4.15- 
kb SnaBi-Stul fragment. MR8N was the result of in- 
serting the 0.47-kb SnaBl-Stul fragment from clone 
NE1 (Kim et a/., 1993) into the 3.9-kb SnaBl-Eagl MRC 
fragment. A PCR product was obtained by incubating 
MRC with oligonucleotides 2167 and 1942. This PCR 
product was digested with Eagl and Fspl, and the re- 
sultant 0.13-kb fragment was inserted into the MRC 
Stul-EcoRV large fragment, yielding MRD. 

Deletion of &'-terminus. MR13 resulted from inser- 
tion of the 0.65-kb Dral-Eagl MRC fragment into the 
large SnaBl-Eagl MRC fragment. Clones MR14 and 
MR15 were made after construction of intermediate 
clone, JMP 102. To make JMP 102, the DissF-specific 
cDNA clone DF2-1 was constructed using the same 
procedure as DF1-2 (Makino et a/., 1990), except that 
DNA fragment derived from DE-1A (Makino and Lai, 
1989} was used instead of DE5-w4 (Makino and Lai, 
1989). A PCR product was obtained by incubating 
DF2-1 with oligonucleotide 52 (5’-AAGCTTAATACG- 
ACTCACTATAGTATAAGAGTGATTGGCGTCCGTAC- 
3) (Makino and Lai, 1989), and oligonucleotide 1249 
(5'-CACGCAGGGATATCCGTTTA-3}, which contains 
the EcoRV site and hybridizes to nucleotides 74 to 93 
from the 5’ end of DF2-1. Another PCR product was 
obtained by incubating DF2-1 with oligonucleotide 167 
and oligonucleotide 1248 (5’-TAAACGGATATCCCT- 
GCGTG-3), which also has the EcoRV site and hybrid- 
izes to nucleotides 74 to 93 from the §’ end of DF2-1. 


The two PCR products resulting from those incuba- 
tions were mixed and incubated with oligonucleotides 
52 and 167. The 0.44-kb SnaBl-BamHI PCR product 
was inserted into the corresponding region of DF2-1, 
yielding JMP102. A plasmid was constructed by re- 
moving the 21-nucleotide-long Dral-EcoRV fragment 
of JMP102. The 1.1-kb Hindll-Sphl fragment of this 
plasmid DNA was put into the large Hindill|-Sphl MRC 
fragment, resulting in MR14. For the construction of 
MR15, a PCR product was obtained by incubating the 
JMP102 with oligonucleotides 52 and 1249. This PCR 
product was digested with EcoRV, phosphorylated and 
blunt-ended, and inserted into the large Aflll MRC 
fragment. For the construction of MR16, the 0.33-kb 
MRC Neol fragment and the 0.18-kb Afilll-Hindlll frag- 
ment were ligated and digested with Hindlll and Stul, 
and the resultant 0.49-kb Hindlll-Stul fragment was 
inserted into the large Hindili-Stul MRC fragment. For 
MR17, a PCR product was obtained by incubating 
MRC with oligonucleotides 1567 and 1940; the 0.36- 
kb Fsp|-Eagl PCR product was inserted into the large 
Ncol-Eagi MRC fragment. MRE construction required 
two separate PCR reactions: one used MRC and oligo- 
nucleotides 52 and 1249, and the other used MRC 
with oligonucleotide 1568 (5-TCTGCATATGCAACA- 
TC-3'), which hybridizes at 872-882 from the 5’ end of 
MRC, and oligonucleotide 1248. Recombinant PCR 
was performed by incubating those two PCR products 
with oligonuclectides 52 and 1568. The 0.68-kb 
SnaBl-Eagl PCR product was inserted into the large 
SnaBl-Eagl MRC fragment, yielding MRE. 

Deletion of 3-terminus. For MR11, the 0.43-kb Alul— 
Xbal MRC fragment was ligated with the large SpAl- 
Xbal MRC fragment. To make MR19, MRC was incu- 
bated with oligonucleotide 1 (5-CCATAGATATCATAA- 
TGGCA-3}, which hybridizes at positions 198 to 217 
from the 5’ end of MRC, and oligonucleotide 2165 (5’- 
ATTTCGGGTTACCGAGCTTTITGGG-3}, which has a 
BstEll site and hybridizes 1785 to 1809 nucleotides 
from the 5’ end of MRC. The 1.65-kb A/ul-BstEll PCR 
fragrnent was cloned into ihe large MRC Bsteil frag- 
ment, yielding MR19. MR20 construction used a plas- 
mid deleted at the 0.46-kb SnaBl-Stul fragment and 
the 0.18-kb SstEll-Ban! fragment of MRC. The 1.13- 
kb-long Sphl-Xbal fragment of this plasmid was in- 
serted into the Sphl-Xbal MRC large fragment. For the 
construction of MR21, a PCR product was obtained by 
incubation of MRC with oligonucleotides 1453 and 
130 and the 0.18-kb Spel—Banl fragrnent was inserted 
into the Spel-Msci MRC large fragment. For each mu- 
tant the entire region obtained by insertion of the PCR 
product was sequenced. 


RNA transcription and transfection 


Plasmid DNAs were linearized by Xbal digestion and 
transcribed with T7 RNA polymerase as previously de- 
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scribed (Makino and Lai, 1989). Lipofection was used 
for RNA transfection as previously described (Makino 
et a/., 1991). 


Preparation of virus-specific intracellular RNA and 
agarose gel electrophoresis 


Virus-specific RNAs in virus-infected cells were la- 
beled with °Pi as previously described (Makino et a/., 
1984b). For the study of negative-strand RNA, RNA 
was extracted according to the procedure of Sawicki 
and Sawicki (1990) with a slight modification as previ- 
ously described (Kim et a/., 1993). Virus-specific RNA 
was separated by electrophoresis on 1% agarose gels 
after denaturation with 1 M glyoxal (MaMaster and 
Carmichael, 1977). 


RT-PCR 


For the amplification of negative-stranded MHV RNA 
species, MHV-specific cDNA was first synthesized 
from intracellular RNA as previously described (Makino 
et al, 1988a), using as a primer oligonucleotide 96, 
which binds to negative-stranded DI RNA at nucleo- 
tides 81 to 98 from the 3’ end. After cDNA synthesis, 
reverse transcriptase (RT) was inactivated by heating 
the sample to 100° for 10 min. MHV-specific cDNA 
was then incubated with oligonucleotide 1568, which 
binds to positive-sense DI RNA at nucleotides 872 to 
888 from the 5’ end, in PCR buffer at 93° for 30 sec, 
55° for 30 sec, and 72° for 100 sec for 25 cycles. For 
the amplification of positive-stranded DI RNA, MHV- 
specific cDNA was first synthesized from intracellular 
RNA, using as a primer oligonucleotide 1568. After 
cDNA synthesis, MHV-specific cDNA was then incu- 
bated with oligonucleotide 52 in PCR buffer under the 
same conditions used for the amplification of negative- 
stranded RNA species. 


Direct sequencing of the PCR product 


The PCR products were separated by agarose gel 
electrophoresis and recovered from the gel slices by 
using GeneClean II (Bio 101, La Jolla, CA). Direct PCR 
sequencing was performed as previously described 
Uoo and Makino, 1992; Winship, 1989). 


RESULTS 


Effects of internal sequence deletions on MHV DI 
RNA replication 


To determine whether the entire DIssE sequence 
was necessary for MHV DI RNA replication, a series of 
DissE-derived DI cDNAs, each with a different length 
internal deletion, was constructed and the replication 
of those mutants was examined in DI RNA-transfected, 


MHV-infected cells. A parental clone, MRC, was con- 
structed from DIissE (Fig. 1). The structures of MRC 
and MHV-JHM-derived DIssE were very similar, except 
that the 5’ end 463 nucleotides of MRC were MHV- 
A59-derived, and MRC contained several mutated nu- 
cleotides within the sequences present from positions 
1743 to 1751. These nucleotide substitutions created 
an EcoRV site (Fig. 1B). The 3’-most domain of DissF, 
domain V, contains 447 nucleotides from the 3’ end of 
the MHV genome and is shorter by 155 nucleotides at 
the 5’ end than the corresponding region of DissE (Ma- 
kino et a/., 1990). The sequence downstream of nu- 
cleotide 1767 in MRC included all of domain V of DIssF 
(Fig. 1B). Replication of this series of deletion mutants, 
each with the same sequence downstream of the 
EcoRV site, but with gradational deletions upstream, 
was examined (Figs. 2 and 3). Equal amounts of in 
vitro-synthesized mutant D! RNAs and MRC D] RNA 
were transfected by lipofection into DBT cell mono- 
layers infected with MHV-A59 helper virus 1 hr prior to 
transfection (Makino et a/., 1991). Virus-specific RNAs 
were labeled with *Pi in the presence of actinomycin D 
(Makino et a@/., 1984b} and analyzed by agarose gel 
electrophoresis. Efficient replication of MRC, MR3, 
MR4 and MR6 was observed, whereas MR5, MRt, and 
MR2 replication was not detected (Fig. 3). All replicat- 
ing DI RNAs had the predicted sizes, indicating that the 
deleted sequences were maintained in the transfected 
cells. This data demonstrated that MRC nucleotides 
1095 to 1751 were not necessary for efficient DI RNA 
replication, and that all or part(s) of the sequence(s) 
from nucleotides 703 to 1095 was necessary for effi- 
cient DI RNA replication. 

Nucleotides 703 to 1095 were further analyzed to 
determine the smallest sequence necessary for replica- 
tion. Mutants successively deleted within nucleotides 
703 to 1095 were constructed, and their replication 
was examined in DI RNA-transfected, MHV-infected 
cells (Figs. 2 and 3). Replication of MR, deteted at 
nucleotides 706 to 1093, was not observed. This ob- 
servation was consistent with the data obtained above. 
MRSC contained all of the domain Il sequence, minus 
nucleotides 706 to 865; that deletion corresponds to 
the most 3’-region of domain |. As shown in Fig. 3, 
MRSC replicated efficiently, demonstrating that the 
most 3’ 0.16 kb of domain | was not necessary for effi- 
cient DI RNA repiication. Replication was not observed 
for MR9B and MR9D, with deletions of nucleotides 881 
to 1093 and 706 to 999, respectively. The mutant 
MRGE, deleted at nucleotides 999 to 1093, did repli- 
cate efficiently (Figs. 2 and 3). MR9C and MRSE RNAs 
had their expected sizes in DI RNA+transfected cells, 
and the replication efficiency of both was lower than 
that of MRC. This series of experiments showed that of 
the nucleotides present from position 706 to 1093, 
those from 706 to 865 and 999 to 1093 were not nec- 
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MRC GAGAGGGACAAACGATCGATATCAGAAAGATGAAGTAGATAATGTAAGCGTTG 


t 
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Fia. 1. Schematic diagram of the structure of DlssE-derived mutant MRC. (A) The structure of DissE-derived MRC is compared with that of the 
standard MHV-genomic RNA. Genes 1 through 7 represent the seven genes of MHV. Three domains of DissE (domains | through III) are 
indicated beneath the diagram of MRC; the exact location of | and Ji on MHV genomic RNA is shown as nucleotides numbered from the 5’ end of 
MHV-JHM. Restriction enzyme sites used in the construction of the deletion mutants and the EcoRV site created in MRC are shown. The names 
of all oligonucleotides are shown beneath the diagram of MRC, and the tocations of their MRC binding sites are indicated with arrows. Thin lines 
in the diagram of MRC represent vector sequences. (B) Sequence difference between DissE and MRC. The MRC sequences which are different 
from DissE are underlined. The sequence downstream of the nucleotide position 1767 in MRC is identical to DissF domain V. 


essary for efficient Dt RNA replication, and that the 5’ 
region of domain Il, the 134-nucleotide long sequence 
from position 865 to 999, was required for efficient 
replication. 

To further identify the MHV cis-acting RNA replica- 
tion signals, several graded deletions within the se- 
quence present from nucleotides 342 to 708 were cre- 
ated and the replication of these mutants was exam- 
ined in Di RNA-transfected, MHV-infected cells (Figs. 2 
and 3). DI RNAs deleted at positions 482 to 706 (MR8) 
and 474 to 708 (MR10C) replicated efficiently in D! 
RNA-transfected cells (Fig. 3). Both replicating DI 
RNAs had their expected sizes in DI RNA-transfected 
cells and replicated slightly less efficiently than MRC, 
demonstrating that nucleotides 474 to 708 were not 
necessary for efficient DI RNA replication. Replication 
of DI RNAs deleted at nucleotides 445 to 708 (MR108) 
and 342 to 482 (MR7) was not observed, suggesting 
that all or part(s) of the sequence present between nu- 
cleotides 342 and 474 was necessary for efficient DI 
RNA replication. 


The data above showed that MR6, MR8, MRQE, and 
MR10OC, with an incomplete DissE-specific ORF, repli- 
cated efficiently. This observation was consistent with 
the observation that the DIssE-specific large ORF need 
not be intact for efficient DIssE RNA replication in DI 
RNA-transfected, MHV-infected cells (Kim et a/., 1993). 
To confirm that the failure of DI RNA replication in MR2, 
MR9B, MR9D, and MR10B, all of which contained an 
interrupted ORF, was not due to the absence of the 
large DissE-specific ORF, MR8N, which had a one-nu- 
cleotide deletion at nucleotide 376, was constructed; 
the ORF of MR8N terminated at nucleotide 383 (Fig. 2). 
As shown in Fig. 3, MR8N replicated efficiently. In 
some experiments, it was found that MR8N replicated 
slightly less efficiently than MR8 in other experiments 
the replication levels were the same (data not shown). 
RNA from MR8N-transiected cells was sequenced to 
verify the maintenance of the mutation after transfec- 
tion. This was done in a way that avoided detection of 
the amplified input D! RNAs, which are known to be 
present in a small quantity as late as 6 hr post-trans- 
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Fic. 2. Schematic diagram of the structure of MRC and MRC-derived internal deletion mutants. The DissE-specific ORF is shown as a box. The 
sequences deleted from MR5 through MRD are shown as thin lines. The number beneath each thin line indicates the number of nucleotides 
deleted, and the exact location of each deleted region is shown as nucleotides numbered from the 5’ end of MRC. Restriction enzyme sites used 
in the construction of the deletion mutants are shown at the top of the diagram. The three domains of DissE (domains | through Ill) are indicated 
beneath the diagram of MRC; the exact locations of the domain are numbered from the 6’ end of MRC. The number 383 shown beneath the 
MR8N-specific ORF represents the termination site of the MR8N-specific ORF. Deletions that interrupted the DissE-specific ORF and that did 
not interrupt the DissE-specific ORF are noted as out-of-frame and in-frame, respectively. D| RNAs which replicated at the same efficiency as 
MRC, those which replicated less efficiently than MRC, and those which did not replicate are indicated by ++, +, and —, respectively. 
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independent experiments. 


fection in the Di RNA-transfected cells (Ileong and Ma- 
kino, 1992}. The sequence of MR8N-specific negative- 
stranded RNA was examined as described in Materials 
and Methods. The 0.5-kb DI RNA-specitic PCR product 
was generated by this PCR reaction, whereas the 2.8- 
kb-long negative-stranded MHV genomic RNA-specific 
PCR product was not detected (data not shown). The 
specificity of these reactions was demonstrated by re- 
peating the reverse transcription and amplification pro- 
cedure described above, using a sample containing a 
mixture of in vitro-synthesized MR8N DI RNA and intra- 
cellular RNA species from MHV-A59-infected cells. In 
this case, the synthesis of a DI RNA-specific PCR prod- 
uct was not observed (data not shown). Direct se- 
quencing of the gel-purified DI RNA-specific PCR 
product demonstrated that the nucleotide deletion in- 
troduced in MR8N was maintained in the DI RNA- 
transfected cells (data not shown). This observation 
indicated that the absence of DI RNA replication in 


MR2, MR9B, MR9D, and MR10B was not due to the 
destruction of the large DissE-specific ORF. 

To examine whether the size of DI RNAs with the 
internal deletion was stable during virus passage, 
MRC, MR3, MR4, and MRC, all of which contain the 
in-frame ORF were passaged once from Di RNA-trans- 
fected cells. Analysis of intracellular DI RNA species 
from the cells infected with those passaged virus sam- 
ples demonstrated that all the DI RNAs maintained 
their expected sizes (data not shown). 

The above data demonstrated that the MRC nucleo- 
tides from position 474 to 865 and 999 to 1751 were 
not needed for efficient DI RNA replication. To confirm 
these observations, a mutant was made that had three 
noncontiguous regions including positions 1 to 482, 
865 to 999, and 1751 to the 3’ end of MRC. This mu- 
tant, MRD, replicated efficiently and produced RNA of 
the expected size in MRD RNA-transfected, MHV-in- 
fected cells (Figs. 2 and 3). 
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Replication effects of deletions from MHV-Di 
terminal sequences 


To examine the effect on DI RNA replication of dele- 
tions at the 5region of DissE-derived DI RNA, five de- 
letion mutants, MR13~MR17, were constructed (Fig. 
4A). An MRC-derived mutant, MRE, which contained 
an EcoRV site downstream of the genomic leader se- 
quence was constructed and used as the reference 
clone for the 5’ end mutants (Fig. 4B). The MR13 leader 
sequence had 32 nucleotides deleted, and MR14 was 
deleted at the leader-body junction sequence (Fig 4B). 
Other DI RNAs contained a deletion downstream of the 
genomic leader sequence. Although MRE replicated 
efficiently, none of the deletion mutants did (data not 
shown). 

The effect on DI RNA replication of a deletion at the 
3’ region was similarly examined using mutants with 
sequences deleted downstream of the MRC EcoRV 
site (Fig. 4C). These 3’ end deletion mutants also failed 
to replicate in DI RNA-transfected cells (data not 
shown}. 

These analyses suggested that cis-acting replication 
signals necessary for MHV RNA replication were pres- 
ent at the 5’ end 474 nucleotides, the 3’ end 462 nu- 
cleotides and at an internal sequence located 3113 to 
3247 nucleotides from the 5’ end of the genome. 


DISCUSSION 


By analysis of multiple, overlapping deletions, it was 
found that DIssE replication depended upon an inter- 
nal sequence of flexible position and fixed sequences 
at its termini. The 5’most 134 nucleotides of DissE 
domain |], the 5' end 474 nucleotides, and the 3’ end 
462 nucleotides were required for efficient DIssE repli- 
cation. These cis-acting DI RNA replication signals are 
present in all naturally occurring MHV DI RNAs exam- 
ined to date (Makino et a/., 1985, 1988a, 1990; van der 
Most, 1991). It is now evident that one of the reasons 
why naturally occurring MHV DI RNAs have conserved 
these regions is because they are necessary for Dl 
RNA replication. 

DI RNAs with the 134-nucleotide long 5‘-domain II 
region at position 865 to 999 (e.g., MRC and MRQE) 
and at position 482 to 616 (MRD) from the 5’ end, and 
at 1214 to 1348 nucleotides (e.g., MRC) and at 462 to 
598 nucleotides (MRD) from the 3’ end replicated effi- 
ciently. The same region is mapped at 2.4 kb from the 
3’ end of DissF (Makino et a/., 1990), and in the MHV- 
A$9-derived DI RNA, this region is mapped at 3.1 kb 
from the 5’ end and 2.3 kb from the 3’ end (van der Most 
et al., 1991). Because this 134-nucleotide region was 
not fixed among the DI RNA genomes it seemed that a 
specific location was not important for its biological 
function. 


Although the 134 nucleotides at the 5’ end of domain 
|| were identified as essential for efficient DIssE replica- 
tion, the minimum sequence required for biological 
function is not known. Also, the relative importance of 
the sequence and the RNA structure dictated by the 
sequence is not known. Sequence comparison of this 
region between MHV-JHM and MHV-A59 demon- 
strated that there are several nucleotide substitutions 
(Lee et a/., 1991; van der Most et a/., 1991) and the 
computer-generated secondary structure of this re- 
gion differed between the two viruses (data not 
shown). By the computer analysis, the 134 nucleotides 
at the §’ end of domain Il was shown to have some 
sequence homology and complementarity with other 
regions of DissE (data not shown), though the signifi- 
cance of this, if any, was not clear. It should be noted 
that for brome mosaic virus (BMV) the terminal se- 
quences and a +50 nucleotide-lang intercistronic re- 
gion of RNA3 are necessary for efficient replication 
{French and Ahlquist, 1987). This intercistronic se- 
quence is homologous to sequences found near the 5’ 
end of BMV RNA1 and RNA2 and lies in positions anal- 
ogous to the three genomic RNAs of the related cu- 
cumber mosaic virus (French and Ahlquist, 1987). 
Consequently, these intercistronic sequences are con- 
sidered to play a role in plus-strand RNA synthesis 
French and Ahlquist, 1987). It was also shown that the 
BMV RNAS intercistronic sequence is important for the 
regulation of asymmetric (+) and (—)-stranded BMV 
RNA replication (Marsh et a/., 1991). It is possible that 
the 134 nucleotides at the 5’ end of MHV DIssE domain 
| may interact with the virus-specific replication com- 
plex during replication, or perhaps the secondary or 
ertiary structure formed by this region interacting with 
either or both MHV RNA termini is important for MHV 
RNA replication. More study is needed to fully under- 
stand the role of the domain Il-5’ region in efficient MHV 
DI RNA replication. 

Introduction of deletions at the 5’ and 3’ ends of DI 
RNA revealed that the 5'-most 474 nucleotides and 3’- 
most 462 nucleotides are necessary for DIRNA replica- 
tion. This result was expected since the viral RNA poly- 
merase must interact specifically with these se- 
quences or their complements in initiation of (—)- and 
(+)-strand RNA synthesis. Sequence analysis of coro- 
navirus RNAs demonstrated that the GGAAGAGC se- 
quence present near the 3’ end of MHV genome is 
conserved among coronaviruses and it was suggested 
that this sequence may be the recognition sequence of 
RNA polymerase (Lai, 1990). The data from this study 
agree with that speculation, because this conserved 
sequence was included within the 3’-c/s-acting replica- 
tion signals of MHV DI RNA. Although terminal c/s-act- 
ing replication signals were identified, it is not known 
how much of the sequences at these regions is neces- 
sary for DI RNA replication. The data from this study 
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Fic. 4. Schematic diagram of MRC-derived mutants with 5‘-region deletions (A, B) and with 3’-region deletions {C}. (A) The diagrams depicted 
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MRE, MR13 and MR14. The mutated nucleotides of MRE are boxed. The numbers shown above the sequences represent the nucleotide 
position from the 5' end of MHV-genomic RNA. The two UCUAA pentanucleotide repeats and the nine-nucleotide sequence (described in text) 


are shown by thin underlines and bold underlines, respectively. (C) Schematic diagrarn of MRC-derived mutants with 3’-region deletions. The 
diagrams depicted above are described in the legend for Fig. 2. 


and preliminary data indicated that all of the terminal efficiently, and it was also found that several nucleotide 
sequences are not necessary: MRE, with sequences substitutions and deletions at the termini did not signifi- 
mutated downstream of the genomic leader, replicated cantly affect DI RNA replication efficiency (unpublished 
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data). It is not clear why the MHV RNA terminal cis-act- 
ing replication signals were longer than those of the 
alphavirus superfamily (French and Ahlquist, 1987; 
Levis et a/., 1986). It is possible that a number of impor- 
tant RNA sequences or/and structures are present 
within the termini and loss of one of these elements 
may significantly affect MHV RNA replication. 

The UCUAA pentanucleotide repeat at the 3’-region 
of the genomic leader sequence is important for MHV 
transcription Goo and Makino, 1992; Makino et a/., 
1988b), though it is not certain whether the pentanu- 
cleotide repeat is necessary for MHV RNA replication. 
The nine-nucleotide UUAUAAAC sequence located 
downstream of the pentanucleotide repeat is not nec- 
essary for MHV RNA replication (Makino et a/., 1988b, 
1989). In the present study it was found that MR14, 
with the pentanucleotide repeat and the nine nucleo- 
tides deleted, did not replicate in DI RNA-transfected, 
MHV-infected cells. These data suggested that the 
pentanucleotide repeat was requisite for efficient Dl 
RNA replication. 

It was proposed that coronavirus subgenomic 
mRNA species are amplified in mRNA replicons 
(Sethna et a/., 1989). This model and a number of pub- 
lished observations are not consistent. These include: 
the molar ratio of coronavirus subgenomic mRNA is 
essentially constant during MHV replication (Leibowitz 
et al., 1981), replication of subgenomic DI RNA is not 
observed in the subgenomic DI RNA-transfected and 
MHV-infected cells (Makino et a/., 1991), and the molar 
ratio of a constant-sized subgenomic DI RNA to varying 
sizes of genomic DI RNAsis the same (Makino and Joo, 
1993). As shown in the present study, MHV subgeno- 
mic mRNAs lack the internal 134 nucleotides and are 
missing all but the 70-nucleotide-long leader sequence 
of the 474 nucleotides at the 5’ end. Clearly MHV 
MRNA species do not contain all the necessary RNA 
replication signals. These pieces of data may indicate 
that coronavirus subgenomic mRNAs are not amplified 
by a replicon-type mechanism. 

One characteristic feature of coronavirus DI RNAs is 
that all naturally occurring DI RNAs contain a large ORF 
which is a composite of different genomic regions (Ma- 
kino et af, 1988b, 1990; van der Most et a/., 1991). 
Although the synthesis of a DI RNA-specific protein is 
in fact detected in DI RNA-replicating cells (de Groot et 
al., 1992; Kim et a/., 1993; Makino et a/., 1988a, 1990), 
the role of the Dl-specific ORF in DI RNA replication is 
still not clear. A DissE-derived mutant with an ORF re- 
duced in size by nine-tenths replicates efficiently in D! 
RNA-transfected, MHV-infected cells (Kim et a/., 1993). 
The efficient replication of MR8N, MR6, MR8, MRE, 
MR10C and MRD, all of which contained an in- 
terrupted ORF, supported that previous observation. 
Clearly, the large DI RNA-specific ORF is not necessary 
for DI RNA replication. Mutant MR10B, which was de- 


leted at positions 445 to 708, did not replicate. This 
was probably not the result of an interrupted small 
ORF, but rather was due to the absence of some se- 
quence between nucleotides 445 and 474, because 
MR8N, with a smaller ORF than that of MR10B, repli- 
cated efficiently. It is possible that MR7, MR16 and 
MR17 DI RNA failed to replicate because each of these 
DI RNAs contained an interrupted ORF upstream of 
nucleotide 383. The fact that the large ORF was not 
necessary for replication was similar to the situation in 
the alphavirus superfamily but quite different from that 
of poliovirus DI RNA, which requires an uninterrupted 
ORF for its replication (Hagino-Yamagishi and Nomoto, 
1989; Kaplan and Racaniello, 1988). 
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